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Abstract

YKL-40 (chitinase 3-like protein 1) is expressed in a broad spectrum of inflammatory conditions and cancers. We
have previously reported that YKL-40 levels are elevated in the cerebrospinal fluid (CSF) of macaques and
humans with lentiviral encephalitis, as well as multiple sclerosis (MS). The current study assessed temporal CSF
YKL-40 levels in subjects with severe traumatic brain injury (TBI; Glasgow Coma Scale [GCS] score �8). We also
evaluated temporal expression of YKL-40 after parasagittal controlled cortical impact (CCI) injury over the
parietal cortex (2.8 mm deep, 4 m/sec). We demonstrate that CSF YKL-40 levels are elevated after acute TBI, and
that YKL-40 levels are higher in patients who died following injury than in patients who survived. YKL-40 levels
significantly correlate with CSF levels of inflammatory cytokines such as interleukin-1b (IL-1b) and tumor
necrosis factor-a (TNF-a), as well as the inflammatory marker C-reactive protein (CRP). After CCI, in situ
hybridization (ISH) showed that YKL-40 transcription is primarily associated with reactive astrocytes in peri-
contusional cortex. Tissue YKL-40 transcription time course analysis after CCI showed that YKL40 transcription
in astrocytes began 1 day after injury, remained elevated for several days, and then declined by day 12. Similarly
to our temporal CSF measurements in humans, YKL-40 induction after CCI is coincident with IL-1b expression.
Taken together these findings demonstrate that YKL-40 is induced in astrocytes during acute neuroinflamma-
tion, is temporally related to inflammatory mediator expression, and may be a useful biomarker for under-
standing secondary injury and for patient prognosis.
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Introduction

Traumatic brain injury (TBI) initiates acute neu-

roinflammation that results in astrocyte and microglial
activation and increased production of immune mediators.
Following TBI there is infiltration of immune cells, in partic-
ular leukocytes; however, both astrocytes and microglia par-
ticipate in mounting neuroinflammation, and are capable
of synthesizing cytokines and chemokines (Morganti-
Kossmann et al., 2007). A growing body of evidence shows
that cytokines like interleukin-1b (IL-1b), IL-6, IL-8, IL-10, and
tumor necrosis factor-a (TNF-a) are elevated in the cerebro-
spinal fluid (CSF) following TBI (Buttram et al., 2007; Chiaretti
et al., 2008a; Hayakata et al., 2004; Kirchhoff et al., 2008). This

inflammatory response induces acute cerebral edema and
longer-term neuronal damage that can cause cognitive im-
pairment, dementia, epilepsy, depression, and neurodegen-
erative disease. Viability of surviving neurons and axonal
regeneration are known to be affected by the glial scar;
however, controversy exists as to the detrimental or beneficial
role of reactive astrocytes in the glial scar and the role of
astrocyte-derived cytokines (Laird et al., 2008). Although cy-
tokines play a role in the pathophysiology of neuroin-
flammation in TBI, there are conflicting reports about the
relationship between cytokine CSF levels and clinical out-
come. Some researchers have reported that elevated con-
centrations of IL-1b and IL-6 in the CSF of neurotrauma
patients are associated with an unfavorable clinical outcome
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(Hayakata et al., 2004; Singhal et al., 2002; Waje-Andreassen
et al., 2005), while others failed to show such an association
(Buttram et al., 2007). Thus, finding biomarkers for prognosis
and monitoring of patients with TBI are warranted.

In recent studies, we showed that YKL-40 (chitinase 3-like
protein 1, or breast regression protein-39 [BRP-39]) tran-
scription is elevated in astrocytes in multiple sclerosis (MS)
and acute stroke (in press), as well as in lentiviral encephalitis
(Bonneh-Barkay et al., 2008). YKL-40 is a member of the gly-
cosyl hydrolase family 18; however, it does not have hydro-
lase activity ( Johansen, 2006). YKL-40 is expressed and
released by chondrocytes, synovial cells, neutrophils, and
macrophages during differentiation ( Johansen, 2006; Kirk-
patrick et al., 1997; Rehli et al., 2003). It is upregulated in
inflamed tissue in ulcerative colitis, Crohn’s disease, rheu-
matoid arthritis, osteoarthritis, asthma, chronic obstructive
pulmonary disease, and liver cirrhosis, as well as in solid
cancers ( Johansen, 2006). The physiological role of YKL-40 is
not yet known; however, it is hypothesized to be involved
with tissue remodeling during inflammation. In a recent
study, BRP-39 knockout mice showed a blunted immune re-
sponse to allergic sensitization, accompanied by reduced
peribronchial fibrosis and collagen content, suggesting that
YKL-40 potentiates the deleterious effect of inflammation (Lee
et al., 2009).

Our previous work showed that YKL-40 is expressed in re-
active astrocytes (in press). In addition, YKL-40 inhibited basic
fibroblast growth factor (bFGF) signaling through fibroblast
growth factor receptor 1 (FGFR1), and inhibited bFGF-induced
axonal branching in hippocampal neurons (Bonneh-Barkay
et al., 2008). Thus YKL-40 also potentially has the capacity to
negatively modulate neurotrophic factor–associated changes
in neuronal repair and regeneration.

The current study assesses the utility of YKL-40 as a tem-
poral biomarker for assessing pathophysiology and prognosis
in a clinical population with severe TBI, and explores the re-
lationship between YKL-40 and inflammatory cytokines in
both human and experimental TBI. We show that CSF YKL-40
levels are elevated in patients with severe TBI, and that they
correspond to levels of inflammatory cytokines. YKL-40
transcription is induced in reactive astrocytes, and is associ-
ated with local neuroinflammation in an acute animal model
of TBI.

Methods

Human subject characteristics and specimens

Twenty persons (14 male and 6 female) with severe TBI
(Glasgow Coma Scale [GCS] score �8) were prospectively
enrolled in a larger study assessing biomarkers and TBI out-
come at our Level 1 trauma center between 2005 and 2009.
Additionally, 6 healthy control subjects were separately en-
rolled as controls for CSF collection and biomarker measure-
ment. These human studies were approved by our
institutional review board.

TBI patients were enrolled if they were aged between 16 and
70 years, had a severe TBI based on a GCS score �8 with pos-
itive findings on head compute tomography (CT) scan, and
required an extraventricular drainage catheter (EVD) for intra-
cranial pressure (ICP) monitoring and management. Patients
with penetrating head injury, as well as prolonged cardiac or
respiratory arrest at injury, were excluded from the study.

For subjects with severe TBI, CSF was collected via EVD
every 12 h for up to 7 days after TBI. For healthy subjects, CSF
was collected via lumbar puncture. Upon collection, each
sample was centrifuged (for 5 min at 2500 rpm at 258C), and
tested for hemoglobin using a HemoCue Plasma Low/Hb
photometer (Lake Forest, CA). After testing, the samples were
aliquoted in polypropylene cryovials and stored at �808C
until the time of assay. Samples from the same corresponding
time points post-injury were used to assess both YKL-40 and
cytokine levels for each patient.

Demographic, clinical severity, and outcome
assessments

Demographics, including age and gender, were collected,
and type of injury based on head CT findings were also re-
corded. Initial hospital GCS scores were recorded for each pa-
tient after resuscitation and without the influence of paralytics.
TBI subjects were assessed for Glasgow Outcome Scale (GOS)
scores at 6 months post-injury. The GOS is a widely utilized
measure that classifies outcome into five categories: 5, good
recovery; 4, moderate disability; 3, severe disability; 2, persis-
tent vegetative state; and 1, death (Jennett and Bond, 1975).

YKL-40 enzyme-linked immunosorbent assay (ELISA)

YKL-40 levels were determined, in duplicate, for all of the
CSF samples using the MicroVue YKL-40 ELISA kit from
Quidel Corporation (San Diego, CA), according to the man-
ufacturer’s protocol. Absorbance was measured using a mi-
croplate reader (BioTek Instruments, Inc., Winooski, VT).

Quantification of CSF inflammation markers

Interleukins (IL-1b, IL-6, and IL-10), tumor necrosis factor-a
(TNF-a), and C-reactive protein (CRP) concentrations in CSF
were determined using the open-architecture xMap technol-
ogy developed by the Luminex Corporation (Austin, TX), and
assayed on the MILLIPLEX MAP High Sensitivity Human
Cytokine Panel-Premixed 13-Plex and Human Neurodegen-
erative Disease Panel II (Millipore, Billerica, MA). Quantifi-
cation of each biomarker was based on the reported
fluorescent signal specific for each individual microsphere
coded by the specific fluorescent dye on the marker (molecule)
of interest. The median fluorescence intensity (MFI) data were
evaluated using a five-parameter logistic or spline curve-
fitting method for calculating marker concentrations in each
sample.

Controlled cortical impact (CCI)

The CCI injury device, originally described in detail by
Dixon and associates (1991), consists of a small-bore
(1.975 cm) double-acting stroke-constrained pneumatic cyl-
inder with a 5-cm stroke (Dixon et al., 1991). The cylinder
was rigidly mounted on a crossbar in an angled position.
The lower rod end has an impact tip with a diameter of
6 mm, and the upper rod end is attached to the transducer
core of a linear velocity displacement transducer (LVDT;
model 500 HR by Macro Sensors; Howard A. Schaevitz,
Inc., Pennsauken, NJ). The impactor tip is pneumatically
driven at a pre-programmed velocity, depth, and duration
of tissue deformation. The velocity of the cylinder is con-
trolled by gas pressure and measured directly by the LVDT.

1216 BONNEH-BARKAY ET AL.



Controlled cortical impact surgery

Sprague-Dawley rats received isoflurane anesthesia via
inhalation of 4% isoflurane and a 2:1 N2:O2 mixture, followed
by 1–1.5% isoflurane maintenance anesthesia. While under
anesthesia, each animal was secured in a stereotactic frame.
After midline incision and reflection of the soft tissues, a
craniectomy (approximately 6 mm) was made between the
bregma and the lambda in the right hemisphere between the
central suture and the coronal ridge. The cortical injury was
then delivered such that the impactor was perpendicular to
the dural plane. The impact was delivered to a depth of
2.8 mm at 4.0 m/sec. Core body temperature was monitored
via rectal probe, and a homeothermic blanket (Harvard Ap-
paratus, Hollison, MA) was used to maintain core body
temperature at 37.0� 0.58C.

Rat traumatic brain injury tissues

On days 1, 2, 3, 4, 6, 8, and 12 after CCI or sham injury,
animals (n¼ 3 per time point) were perfused transcardially
under deep anesthesia with pentobarbital 100 mg/kg IP
(Abbott Laboratories, North Chicago, IL), using 200 mL 0.9%
saline and 300 mL 0.1 M phosphate-buffered saline (PBS, pH
7.4). The brains were extracted and post-fixed in 10% buffered
formalin for immunohistochemistry. At the same time points,
an additional group of animals (n¼ 3 per time point) were
deeply anesthetized with pentobarbital 100 mg/kg, and then
underwent rapid decapitation. The brains were quickly re-
moved and the cortices were dissected on a Petri dish over ice.
The cortices were flash-frozen in liquid nitrogen and stored at
�808C for RNA extraction and real-time PCR analysis.

All animal studies were approved by our institutional an-
imal care and utilization committee, and were carried out in
our American Association for Accreditation of Laboratory
Animal Care (AAALAC)-accredited facilities.

In situ hybridization

Antisense YKL-40 DNA templates containing the T7 pro-
moter were generated by PCR from the pUC57 vector (Gen-
Script, Piscataway, NJ) containing the full length YKL40
cDNA. 35S-labeled RNA probes were generated using the
MAXIscript in vitro transcription kit (Ambion, Austin, TX).
Cortical tissue sections from rats after TBI were processed for
in situ hybridization (ISH), and then for immunohistochem-
istry. For ISH, tissue sections were microwave-oven treated
and then incubated in hybridization buffer (1�HYB buffer;
0.6 M NaCl, 10% dextran, 50mg/mL tRNA, and 0.1 M DTT)
containing radiolabeled YKL-40 probe (50,000 cpm/mL) at
508C overnight. The following day the tissue sections were
washed and processed for immunofluorescence. The tissue
sections were exposed to emulsion (Eastman Kodak, Roche-
ster, NY) for 10 days at 48C, and then ISH signal was visual-
ized using D19 developer (Sigma-Aldrich, St. Louis, MO), and
fixed in Rapid Fix (Sigma-Aldrich).

Immunofluorescence

Formalin-fixed, paraffin-embedded, 6-mm-thick tissue sec-
tions were deparaffinized in Histoclear (National Diagnostics,
Atlanta, GA), and rehydrated for 3 min in 100%, 95%, and 70%
alcohol, followed by PBS. Endogenous peroxidase activity
was inactivated by immersing the sections in 3% H2O2 for

20 min. Antigen unmasking was performed using antigen
retrieval citra solution (BioGenex, San Ramon, CA). The tissue
sections were blocked with protein blocking agent (Thermo,
Pittsburgh, PA) for 20 min. Glial fibrillary acidic protein
(GFAP) staining was performed using polyclonal rabbit anti-
human GFAP (1:500; Dako North America, Inc., Carpenteria,
CA), followed by goat anti-rabbit Dylight 488 antibody (1:200;
Jackson ImmunoResearch Laboratories, West Grove, PA).
CD68 staining of macrophages was performed using mouse
anti-rat CD68 (1:100; Dako), followed by goat anti-mouse
Dylight 488 antibody (1:200; Jackson ImmunoResearch
Laboratories).

Quantitation of in situ hybridization

Three fields from the pericontusional area from each rat
were captured by confocal microscopy and analyzed for the
number of ISH-positive cells per field (LSM 510; Carl Zeiss
MicroImaging, Inc., Thornwood, NY). Illumination was pro-
vided by argon (458, 477, 488, and 514 nm, 30 mW) and HeNe
(543 nm, 1 mW) lasers. Digital images were captured with
LSM 510 version 4.2 (Zeiss).

Tissue RNA isolation

Frozen hemispheres were sectioned into 0.5-cm2 sections
and placed in RNAlater-ICE (Ambion) for 16 h. The tissues
were then removed from the RNAlater-ICE solution and im-
mediately placed in TRIzol lysis solution (Invitrogen, Carls-
bad, CA; 1 mL of TRIzol/100 mg tissue). Tissue dissociation
was done using the gentleMACS dissociator (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany). RNA was extracted
using the TRIzol reagent protocol.

IL-1b and TNF-a real-time PCR

cDNA from cortical homogenates was generated using the
RETROscript kit two-step protocol (Ambion). IL-1b tran-
scription was measured using the TaqMan Gene Expression
Assay for IL-1b (Applied Biosystems, Carlsbad, CA) and 2�
TaqMan Gene Expression Master Mix (Applied Biosystems),
and analyzed on an Applied Biosystems StepOne real-time
PCR machine.

Statistical analysis

CSF levels were assessed every 12 h for up to 7 days in
human subjects with severe TBI, and average levels for each
24-h period after TBI onset were graphed. Exploratory data
analysis preceded all formal statistical analyses. We checked
for data errors and verified the normal assumption using the
Kolmogorov-Smirnov test, and there was no violation of this
assumption. In addition to assessing average daily YKL-40
levels over time compared to healthy controls, we also cal-
culated average YKL-40 and inflammatory cytokine levels
over the first week post-injury. We compared daily average
YKL-40 levels to healthy controls using the Mann-Whitney
test. We then performed Pearson correlations to test the as-
sociations between CSF YKL-40 levels and the levels of IL-1b,
IL-6, IL-10, TNF-a, and CRP. We performed the Mann-
Whitney test to compare the levels of YKL-40 between people
who died in acute care and those who survived. We per-
formed sample size calculations assuming a two-sided hy-
pothesis, a¼ 0.05, and 80% power. Analyses were performed
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using SAS software (version 9.2; SAS Institute Inc., Cary, NC),
and SPSS statistical software (SPSS release 17.0.0; SPSS, Inc.,
Chicago, IL).

Results

CSF YKL-40 levels are elevated in patients
with acute traumatic brain injury

CSF samples from 20 patients with severe TBI were as-
sessed. Clinical manifestations such as type of injury (i.e.,
subdural or epidural hematoma, or subarachnoid, intraven-
tricular, or intracerebral hemorrhage), as well as gender, age,
acute care mortality status, and outcome, were summarized
(see Table 1 for patient clinical characteristics). Of 20 patients
with TBI, there were 14 males and 6 females, ranging in age
from 16–56 years. The median initial GCS score was 6 (range
3–8). Three patients died following trauma. YKL-40 levels
were significantly elevated compared to control levels in
healthy subjects (129� 18.8 ng/mL) after the first day,
reaching a peak of 980� 136 ng/mL at day 4 post-injury
(Fig. 1). Thereafter, YKL-40 levels started declining, to
653� 77.5 ng/mL, and 632.5� 183.6 ng/mL, at days 5 and 6
post-injury, respectively.

CSF YKL-40 levels correlate with those of IL-1b,
TNF-a, and C-reactive protein

TBI is known to induce neuroinflammation, and previous
studies have shown that inflammatory cytokines are elevated
in the CSF at early phases in patients with TBI (Chiaretti et al.,
2008b; Shiozaki et al., 2005). Consistent with the literature, our
data showed significant associations between mean YKL-40
and mean cytokine levels. There was a significant correlation
between average CSF YKL-40 levels and IL-1b levels
(r¼ 0.761; p¼ 0.003; Fig. 2A), TNF-a levels (r¼ 0.584;
p¼ 0.036; Fig. 2D), and the inflammatory marker CRP

(r¼ 0.849; p< 0.0001; Fig. 2E). However, the associations be-
tween IL-6 (r¼ 0.198; Fig. 2B) and IL-10 levels (r¼ 0.321; Fig.
2C) were not significant.

CSF YKL-40 levels are related to clinical outcome

Although the differences were not significantly different,
patients that died during their acute care hospitalization for
TBI tended to have higher CSF YKL-40 levels than patients

Table 1. Patient Clinical Characteristics

No. Age Sex GCS Mortality SDH DAI EDH SAH Contusion IVH ICH GOS6

1 18 M 6 0 0 þ 0 0 0 þ 0 5
2 40 F 6 0 þ 0 0 0 0 0 0 3
3 53 F 5 þ 0 0 0 þ þ 0 0 1
4 21 F 7 0 0 0 0 þ 0 0 þ NA
5 19 M 7 0 þ 0 0 0 0 0 þ 3
6 21 M 8 0 þ þ 0 þ 0 0 0 4
7 31 M 7 0 0 0 þ þ 0 0 þ 4
8 43 M 8 0 þ 0 þ þ 0 0 þ 4
9 25 M 7 0 þ 0 0 þ 0 0 þ 3

10 34 F 6 0 þ þ 0 þ 0 0 þ 3
11 42 M 8 0 0 0 0 þ 0 þ 0 3
12 26 M 6 0 þ 0 þ þ þ 0 0 4
13 56 F 6 0 þ 0 0 þ þ 0 0 3
14 48 M 6 0 þ 0 0 þ þ 0 þ 3
15 39 M 3 0 þ 0 0 þ 0 þ þ 3
16 18 M 7 0 þ þ 0 þ 0 0 0 4
17 19 M 7 0 0 0 0 þ þ 0 0 4
18 16 M 5 þ 0 0 0 0 þ 0 0 1
19 25 M 4 0 0 þ þ 0 0 0 0 NA
20 52 F 5 þ þ 0 0 þ 0 þ þ 1

GCS, Glasgow Coma Scale score; SDH, subdural hematoma; DAI, diffuse axonal injury; EDH, epidural hematoma; SAH, subarachnoid
hemorrhage; IVH, intraventricular hemorrhage; ICH, intracerebral hemorrhage; GOS6, Glasgow Outcome Score 6 months after injury; þ,
positive; 0, negative; NA, not available.

FIG. 1. YKL-40 levels are elevated in the cerebrospinal fluid
(CSF) of patients after traumatic brain injury (TBI). CSF
samples from control and patients following TBI were ana-
lyzed for YKL-40 using the MicroVue YKL-40 ELISA kit. The
Mann-Whitney test was used to evaluate differences
between YKL-40 levels (average� standard error of the
mean) at each day following TBI (solid line), and YKL-40
levels of control healthy subjects (dashed line; *p< 0.05,
**p< 0.001, ***p< 0.0001 compared to controls).
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who survived their injuries ( p¼ 0.066; Fig. 3A). In addition,
there was an inverse correlation between average levels of
YKL-40 at day 4 and GOS scores 6 months post-injury
(Spearman correlation coefficient¼�0.4720; p¼ 0.075) that
trended toward statistical significance (Fig. 3B). This implies
that higher levels of YKL-40 after injury might predict unfa-
vorable outcome. Based on these data, we generated a sample
size calculation to determine the number of subjects needed to
show a significant relationship between CSF YKL-40 levels
and GOS scores at 6 months post-TBI. A total sample of 42
subjects is needed to achieve significant differences with 80%
power. No differences in YKL-40 levels were detected be-
tween patients with different GCS scores (Fig. 4).

YKL-40 expression time course after acute traumatic
brain injury in rats

We used a rat model of CCI as a model for acute neu-
roinflammation in order to further assess the time course of
YKL-40 expression, and the CNS cell populations associated
with YKL-40 induction. Combined ISH and GFAP staining
showed induced YKL-40 expression in astrocytes restricted
to the pericontusional region (Fig. 5) on day 3 post-CCI.
Interestingly, macrophages that infiltrated the necrotic area

did not hybridize for YKL-40 transcripts at day 3 post-in-
jury. In order to follow the time course of YKL-40 expres-
sion in TBI, we next assessed brain sections for YKL-40 ISH
in the rats on days 1, 2, 3, 4, 6, 8, and 12 after CCI. YKL-40
astrocytic transcription started at day 1 post-injury, stayed
elevated for 8 days, and was diminished at 12 days post-
injury, as assessed by counting ISH-positive cells (Fig. 6A).
In order to further quantify the degree of inflammation, we
measured IL-1b and TNF-a transcription levels via quanti-
tative PCR in the injured cortical hemisphere and compared
them to sham controls. Here we found induced IL-1b
transcription by day 2 post-injury that remained elevated
for 5 days, and then diminished by day 8 post-injury (Fig.
6B). Very low levels of IL-1b transcription were found in
the contralateral side (data not shown). TNF-a levels were
too low to quantify significant differences between hemi-
spheres (data not shown).

In summary, YKL-40 is elevated in CSF after severe TBI
compared to controls, and is strongly associated with other
proinflammatory and cytokine markers. YKL-40 transcription
is induced in astrocytes in conjunction with acute neuroin-
flammation caused by CCI. In this model, YKL-40 expression
is associated with IL-1b and is diminished when inflammation
is resolved.

FIG. 2. Cerebrospinal fluid (CSF) YKL-40 correlations with CSF inflammatory mediators. CSF samples from traumatic brain
injury (TBI) patients and controls were analyzed for YKL-40 using MicroVue YKL-40 ELISA kits and IL-1b (A), TNF-a (D),
CRP (E), IL-6 (B), and IL-10 (C), using Luminex analysis as described in the text (IL-1b, interleukin-1b; TNF-a, tumor necrosis
factor-a; CRP, C-reactive protein; IL-6, interleukin-6; IL-10, interleukin-10; ELISA, enzyme-linked immunosorbent assay).
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Discussion

For the first time in TBI patients, the present study showed
that CSF YKL-40 concentrations are significantly elevated,
reaching peak concentrations 4 days after injury. Given that
YKL-40 expression is observed in several inflammatory dis-
eases and conditions, these findings imply that YKL-40 rep-
resents a factor in the acute neuroinflammatory response that
occurs as a part of secondary injury. These findings support
our previous clinical research showing more pronounced
YKL-40 expression in patients with acute infarcts and di-
minished expression in subacute or older infarcts. In that
previous study, combined ISH and GFAP staining showed
induced YKL-40 expression in astrocytes that was restricted to
the penumbra of the infarct (in press). These findings are
consistent with the CCI results presented here, and imply that

acute inflammation induces YKL-40 expression in astrocytes
proximal to the injury site, and that as inflammation resolves
YKL-40 expression is diminished.

TBI-induced neuroinflammation is associated with eleva-
tion of numerous cytokines in the CSF in humans (Bell et al.,
1997; Shiozaki et al., 2005). In our clinical cohort, we examined
candidate cytokines for their overall association with YKL-40
expression. We show that there is a significant correlation
between CSF YKL-40 concentrations and CSF IL-1b and
TNF-a, suggesting that YKL-40 expression in TBI is associated
with the level of neuroinflammation mediated by these cy-
tokines. Interestingly, there was no correlation with CSF IL-6
and IL-10 levels. While it is possible that these cytokines in-
deed do not affect YKL-40 expression, it is also possible that
they are expressed with different kinetics. Some cytokines
such as IL-6 are induced rapidly, after 24 h, but they also de-
cline quickly, after 72 h (Buttram et al., 2007; Shore et al., 2004),
while it takes days for YKL-40 expression to reach its maximal
levels. IL-10 is considered an anti-inflammatory cytokine, and
it has been shown in some studies to be neuroprotective (Kline
et al., 2002; Zhou et al., 2009a, 2009b). Thus it is not surprising
that it does not show the same relationship to YKL-40 tran-
scription that the proinflammatory cytokines do. Another
interesting correlation occurred between YKL-40 and C-
reactive protein (CRP). CRP is a known inflammatory marker
found in the serum during systemic inflammatory conditions,
and some reports suggest that there are elevations in serum
CRP after TBI (Hergenroeder et al., 2008). CSF CRP mea-
surements in clinical TBI are novel; however, the source of
CSF CRP levels is not clear, and may be the result of blood–
brain barrier disruption. Future ISH studies would enable
analysis of the source of CRP in the brain.

This study shows that YKL-40 potentially could be used as
a biomarker for the pathophysiology and prognosis of TBI.
The results show that patients that died from injury have
higher levels of CSF YKL-40 post-injury than patients with
more favorable outcomes. Average YKL-40 concentrations

FIG. 3. Cerebrospinal fluid (CSF) YKL-40 associations with
outcome. CSF samples from traumatic brain injury (TBI)
patients were analyzed for YKL-40. TBI subjects were as-
sessed for Glasgow Outcome Scale (GOS) scores at 6 months
post-injury. The Mann-Whitney test was used to evaluate
differences in average YKL-40 levels in patients who sur-
vived their injuries versus those who did not (A). (B) Scat-
terplot of CSF YKL-40 concentrations at day 4 post-injury
versus GOS score at 6 months post-injury (B). Spearman’s
correlation coefficient (r) and p values are shown.

FIG. 4. YKL-40 level associations with Glasgow Coma
Scale (GCS) score. Cerebrospinal fluid (CSF) samples from
traumatic brain injury (TBI) patients were analyzed for YKL-
40. TBI subjects were assessed for GCS score at admission as
described in the text. The Mann-Whitney test was used to
evaluate differences in YKL-40 levels in patients with dif-
ferent GCS scores.
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measured during the first week post-TBI were inversely cor-
related with GOS score at 6 months. This association, along
with YKL-40/cytokine associations, implies that the higher
YKL-40 levels are associated with a proinflammatory re-
sponse that may negatively influence clinical outcome. Al-
though the GOS association with YKL-40 was a trend, and the
population studied was small, our sample size calculations
suggest that definitive associations with GOS score at 6
months could be achieved with a larger cohort. Larger pop-
ulation studies would also provide the opportunity to deter-
mine if there are population substructures with uniquely
different temporal YKL-40 profiles after TBI, and to appro-
priately adjust for covariates. Given the associations between
YKL-40 and cytokines noted here, and cytokine associations

with TBI outcome in the literature, future work with larger
sample sizes should concurrently assess the value of YKL-40
levels in combination with other cytokines like IL-1b and
TNF-a to help predict outcome after TBI. Finally, future
studies may also include serum YKL-40 measurements and
associations with outcome, in order to determine the potential
use of YKL-40 as a biomarker in other TBI populations in
whom EVD placement and intracranial pressure management
are not required.

Early increases in various cytokines in the brain have been
also reported in rat brain injury models. Cytokines such as IL-
1b, TNF-a, and IL-6 peak within few hours after brain injury,
and thereafter start to decline (Shohami et al., 1994; Taupin
et al., 1993). Using our rat model of TBI, we found focal and

FIG. 5. Focal and temporal expression of YKL-40 in astrocytes on day 3 after controlled cortical impact. Paraffin-embedded
sections were hybridized with 35S-labeled RNA probe for YKL-40 (A, middle panels), followed by immunohistochemistry
with GFAP or CD68 (A, left panels) as described in the text (scale bar¼ 0 mm). The right panels show the combined images of
the ISH and immunohistochemistry. (B) YKL-40 co-localizes with GFAP staining (scale bar¼ 5mm; GFAP, glial fibrillary
acidic protein; ISH, in situ hybridization).
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temporal increases in YKL-40 expression in astrocytes at the
site of injury that temporally corresponded to the acute in-
flammatory reaction as measured by IL-1b mRNA. As the
pericontusional region and inflammation resolved, IL-1b and
YKL-40 expression diminished. This could be due to a variety
of reasons; however, because it coincides with decreased in-
flammatory infiltrate, we hypothesize that decreased macro-
phage stimulation of astrocytes leads to decreased YKL40
expression. Our results in this CCI model may support the
notion that cytokines released from macrophages that infil-
trate the necrotic area during acute neuroinflammation are
responsible for the focal pericontusional astrocytic YKL-40
transcription. Results from the rat TBI model complement
human clinical data showing a correlation between CSF IL-1b
and YKL-40 levels. Although we found a correlation between
TNF-a and YKL-40 in human subjects, TNF-a levels in
the animal model were very low, and we could not detect
differences in TNF-a mRNA between the injured and

non-injured hemispheres. However, regional increases in
TNF-a mRNA may have been obscured by evaluation of
whole cortical hemisphere changes in mRNA levels.

Neuroinflammation can persist for extended periods after
TBI, and the role of glia and neuroinflammatory mediators
can evolve with time from processes that perpetuate second-
ary injury, to processes that facilitate cellular rescue and re-
covery (Laird et al., 2008; Morganti-Kossmann et al., 2007).
The role of YKL-40 in reactive astrogliosis is still obscure, but
data from our previous study indicate that it may be involved
in growth factor mobilization from the extracellular matrix,
and thus may attenuate growth factor biological activities.
Our work here suggests that YKL-40 elevations early after TBI
are associated with acute mortality and worse global out-
come. However, CSF YKL-40 levels also remain significantly
elevated in our clinical cohort compared to controls by day 6
post-injury, and our animal studies suggest that YKL-40 tissue
levels are elevated for some time after the acute period (at
least 12 days post-CCI). Given the sustained increases in YKL-
40 noted here, future work should assess YKL-40 at time
points even more remote from the time of injury, in order to
fully assess the time course for this marker, and its role in both
injury and recovery. Further work to understand the role of
YKL-40 in human and experimental TBI should also assess
YKL-40 relationships with neurotrophins.

In summary, while the precise biological functions of YKL-
40 are speculative, its expression is related to inflammation in
a variety of disease states, and we show that this is true also in
TBI. Further work is required to further evaluate the utility of
YKL-40 as a biomarker and its role in neuroinflammation as
well as neuroplasticity and recovery. In addition to the future
directions discussed above, studies utilizing genetically
modified animals not able to express YKL40, and pharma-
cology studies may help elucidate its role in TBI.
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